ABSTRACT. The Pantanal is the largest wetland in the world, characterized by high biodiversity, but large areas have been invaded by Vochysia divergens, a flood-adapted pioneer and native tree of the riparian forest and Brazilian Savanna. Seasonality in rainfall causes annual rhythms in the tree's physiology, in which climatic stress factors induce a cambial dormancy in trees and, in consequence, growth zones in the trunk. Current analysis evaluates the seasonal variation of the diameter increase of V. divergens specimens in a seasonal floodable forest of the Northern Brazilian Pantanal. Field sampling was conducted between January and December 2012. Air temperature, relative humidity and precipitation were measured at a micrometeorological station, water level was measured by graded tape, and soil water content was measured by a portable TDR sensor. Diameter growth was monitored by dendrometric bands and aboveground litter production was sampled by litter traps. The annual diameter increase was 4.0 mm. There was correlation between diameter increment and climate and phenology, with the highest increase during the flooding period and the lowest during the dry season and reproductive period. Climate and phenology affected the growth rhythm of V. divergens.
Introduction
The Pantanal, located in South America, is the largest seasonal flooded plain in the world (JUNK et al., 2006) , occupying a surface area of approximately 150,000 km 2 that spans over Brazil, Paraguay and Bolivia (HAASE, 1999) . Its main attribute is the flood pulse which causes several cycles of alternating aerobic and anaerobic conditions and interferes in the availability of nutrients, in the production of toxic substances (PONNAMPERUMA, 1972; KIRK, 2004) and in water availability for plants. The topographical variations and differences in local flooding (intensity and duration) model the landscape and the distribution of vegetation types (NEIFF, 1990; NUNES DA CUNHA et al., 2007) The Pantanal is an extremely diverse place, with approximately 144 families of higher plants and more than 1,000 plant species (JUNK; NUNES DA . Only 5% of tree species live exclusively in prolonged flooding areas; 30% are restricted to rarely flooded areas; and 65% are widely distributed within the flooding gradient of the Pantanal (NUNES DA CUNHA; JUNK, 2001) . However, such biodiversity is highly vulnerable because of practices in land use, changes in hydrology and climate, and invasive species (JUNK et al., 2006) . In terms of invasive species, the spread of Vochysia divergens Pohl (locally known as cambará) is a well-documented example in the Pantanal (VOURLITIS et al., 2011) .
Vochisia divergens is a native tree of the Brazilian savannah (cerrado) and riparian forest (LORENZI, 2002) . It is a flood-adapted pioneer species that has been vigorously spreading into seasonally flooded native grassland for more than four decades . The species may grow to heights between 28 and 30 m and has a dense leafy canopy that effectively shades out grasses, forbs and trees, forming dense, species-poor stands known as cambarazal . During high rainfall years, prolonged flooding allows seedling recruitment to occur prior to the dry season when the probability of tree mortality increases. On the other hand, during dry years, forest fire is an important agent for limiting the distribution of cambará outside the riparian zone . Although the reason for the invasion of the cambará is still poorly understood, the interactions between flooding, soil properties and forest fire appear to be critical for invasion success SCHESSL, 2000; .
In fact, several factors may contribute towards invasion success, including seed production, germination, seedling recruitment, susceptibility to disease and/or herbivores, carbon allocation, life history and high relative growth rate (REJMÁNEK; RICHARDSON, 1996; MACK et al., 2000; GROTKOPP; REJMÁNEK, 2007) . The ability to tolerate flooding is a highly relevant factor for the invasion success of plants in the Pantanal since modifications in soil properties may affect negatively the physiological functioning of several tree species . On the other hand, many species have developed a wide range of adaptive strategies which make them tolerate periodic flooding (IWANAGA; YAMAMOTO, 2008; PEZESHKI; DELAUNE, 2012) , and allow them to maintain a high photosynthetic activity during most of the year. Such tolerance may allow these species to dominate over natural competitors that may be more efficient under non-flooding conditions but unable to compete in flooding situations (PAROLIN et al., 2010) .
Further, most tropical rainforests not only experience some seasonality during the rainfall period but they also have a distinct dry season (WORBES, 1995) which also provides annual rhythms in tree physiology (BORCHERT, 1994a) and often causes leaf-abscission (WORBES, 1999) . These climatic stress factors induce a cambial dormancy in trees and, consequently, growth zones in the wood (WORBES, 1995) . Some results indicate complete cambial dormancy or reduced diameter growth in many species due to a dry season of at least two months of arid conditions (WORBES, 1995 (WORBES, , 1999 . Thereby, a distinct growth boundary is formed in many tree species (WORBES, 1995; DÜNISCH et al., 2003; FICHTLER et al., 2003) in spite of the traditional belief that tropical rainforest trees do not produce growth rings (LIEBERMAN et al., 1985; WHITMORE, 1998) . Tree rings in woody plants are generally induced by seasonally alternating favorable and unfavorable growth conditions (WORBES, 1995) .
Furthermore, responses of trees to favorable and unfavorable growth conditions vary between sites for the same species (BREITSPRECHER; BETHEL, 1990), as they differ between the species, often with regard to leaf-fall behavior (BORCHERT et al., 2002) . Due to the above, the relationships between rainfall, leaf-fall behavior and growth of tropical rainforest trees should be better understood. Information on age of trees and their growth rates is crucial to understand the dynamics of tree populations (ENRIGHT; HARTSHORN, 1981) and to develop sustainable management systems for tropical timber species (STAHLE et al., 1999; . Owing to the urgent need for the preservation of tropical rainforests, their sustainable timber production and the rapidly expansion of V. divergens in the natural grasslands of the Pantanal, more in-depth information is required on the periodicity of growth of tropical timber trees. Current analysis assesses the seasonality of diameter increase of specimens of V. divergens in a flooded forest in the Northern Brazilian Pantanal.
Material and methods

Study site:
The study was conducted in the northern Pantanal (16°29'04'' S and 56°25'25'' W), approximately 160 km southwest from Cuiabá, Mato Grosso State, Brazil (Figure 1 ). According to Köppen classification, the regional climate is Aw, or rather, a hot and wet climate with rainfall in the summer and drought in the winter. Annual rainfall averaged 1400 mm with a dry season from May through September (NUNES DA CUNHA; JUNK, 2001).
The annual average of air temperature ranged between 29 and 32°C (maximum) and between 17 and 20°C (minimum) (BIUDES et al., 2014) . The topography is virtually flat, with extensive flooding during the wet season (FANTIN-CRUZ et al., 2010) . Soils are of sedimentary origin, occurring in clayey and sandy phases alternately and discontinuously, with a dominance of hydromorphic soils (CORINGA et al., 2012) .
Vegetation was characterized by dense canopy; tree height between 10 and 20 m; mean diameter 28.36 cm; tree density 839.98 specimens/ha, basal area 66.16 m 2 ha -1 , 14 species distributed into 13 families, of which the species with the highest abundance was V. divergens, followed by Licania parvifolia Huber and Mouriri elliptica Mart. (MACHADO et al., 2015) .
Field Measurements: Five 50 m transects (A,B,C,D,E) were established in the study area, with sampling points at 5 m intervals. The distance between transects was 80 m. Field sampling was conducted over one year (January-December 2012). The water level was measured by a graded tape, at 55 sampling points, once a month during the flooding period.
The soil water content was measured at the 0-12 cm layer using a portable TDR sensor (Hidrossense II Mod CS620, Campbell Sci., USA). Species were sampled every 5 m on each 50 m transect with the point-quarter method (GOLDSMITH; HARRISON, 1976) .
Briefly, each measurement point was divided into four quadrants, and within each quadrant, the distance to the nearest tree and its circumference greater than 20 cm at breast height (1.3 m aboveground) were measured. All sampled trees were identified and marked with plastic numbered plates for long-term monitoring.
Micrometeorological variables, soil water content and water level: A micrometeorological station (WXT520, Vaisala Inc., Helsinki, Finland) was installed 2 km south of the study area. The air temperature (˚C), relative humidity (%) and rainfall (mm) were measured every 10 seconds and data stored at intervals of 30 minutes in a datalogger (CR1000, Campbell Scientific, Logan, Utah, USA), connected to a solar panel battery.
Vapor pressure deficit (VPD; kPa) was calculated by Equation (1). 
The soil water content (SWC) was measured at the 0-12 cm layer using a portable TDR sensor (Hidrossense II Mod CS620, Campbell Sci, USA). The water level was measured once a month by a graded tape at 55 sampling points.
Diameter increase of Vochysia divergens Pohl: Specimens V. divergens were chosen from the species sampled using the point-quarter method. The growth of V. divergens specimens was monitored by dendrometric bands that provided measurement of changes in the circumference of the tree trunk. Diameter increase was monitored in 34 specimens once a month during one year. The diameter growth rate was established by the difference between the subsequent time and the previous time. Circumference increase was measured by a digital caliper and converted into diametric increment by dividing the obtained value in millimeter (mm) by π.
Litterfall production: Aboveground litter production (>1 mm diameter) was sampled by 1 m 2 collector. Litter traps were constructed with 1 mmmesh nylon fabric attached to an iron frame and elevated elevated above the ground to avoid contamination by soil and water (SALA; AUSTIN, 2000) . Litter was retrieved monthly, separated into leaves and flowers fractions of V. divergens, dried at 70°C for 72h and weighed on a digital balance (AD 500, Marte, Santa Rita do Sapucaí, Brazil). Litterfall was expressed as seasonal percentage (%) of the dry mass per unit of ground area over a period of one month (mg ha ). Statistical analysis: Differences between means were determined by assessing whether 95% confidence intervals overlapped (SOKAL; ROHLF, 1995). Crosscorrelation was used to evaluate whether there was time lag between diameter increase and some variables (hydroclimate and litterfall). It is a measure of similarity of two waveforms as a function of a time-lag applied to one of them (WEI, 2006) . All statistical analyzes were performed with R program 3.1.0 (R CORE TEAM, 2014).
Results
Hydrometeorological patterns:
The dry season had low rainfall rates, with no precipitation in July and August (Figure 2a ). Annual precipitation was 1637.91 mm with 84% of total amount during the wet season. Annual air temperature was 24.4°C, with a minimum in July (19.9°C) and a maximum in December (26.7°C). The flooding period occurred from January to June and in December (Figure 2b) . SWC followed the seasonal trend in rainfall with the lowest rates in September and highest rates near the flooding period. Seasonal variation in VPD followed the inverse of seasonal trend in rainfall and relative humidity (Figure 2c ). The peak of VPD was in September with low rates in relative humidity and soil water content. Tree growth: The monthly mean rate of diametric increment of V. divergens decreased from January to August, and increased from September to December (Figure 3a) . The highest diameter increase rate occurred in January (0.86 mm) with no Acta Scientiarum. Biological Science Maringá, v. 37, n. 1, p. 81-90, Jan.-Mar., 2015 increase in August (-0.1 mm). The highest increase occurred in the period January-March followed by the period October-December whereas the lowest occurred between July and September followed by April-June (Figure 3b ). Negative growth in JulySeptember was probably due to measurement errors during manual data collection using a caliper. The annual mean diameter increment of V. divergens was 4.0 mm for the study area.
Seasonal litterfall dynamics:
The peak of flower litter fall occurred in July and leaves litter fall in September (Figure 4a ). The highest production of leaves and flowers of V. divergens occurred between July and September whilst the lowest occurred between January and March (Figure 4b) .
Effects of climate and phenology on tree growth: There was a positive correlation, at no delay, between diameter growth and relative humidity (R 2 = 0.72), and a negative correlation, at no delay, between diameter growth and DPV (R 
Discussion
The trend of seasonal rainfall was consistent with the region's climatology. The wet season occurred between October and March and may represent more than 80% of the amount of total annual precipitation. Meanwhile, low rainfall was recorded between June and September, which is consistent with the 4-5-month duration of the dry season (VOURLITIS et al., 2008; BIUDES et al., 2012 BIUDES et al., , 2014 . The seasonal variation in soil water content followed the rainfall trend with saturated soil from January to June, with a peak in March. Flooding is caused by local rainfall due to the predominant clay texture of the soil and to slight topographic variation (PENHA et al. 1999; . Thus, the flooding in the Pantanal is a function of rainfall intensity, with 2 -8 month duration (BIUDES et al., 2009 (BIUDES et al., , 2014 ARIEIRA et al., 2011) . In general, the flooding presents a monomodal pattern with small amplitude (HAMILTON et al., 1996) .
Air temperature showed consistent seasonal trends with lowest rates in the dry season when waves of cold air from the southern regions of the continent may persist for several days (GRACE et al., 1996; ROCHA et al., 2009; BIUDES et al., 2012) . Seasonal variation in VPD followed the inverse of seasonal trends in rainfall and relative air humidity, with higher rates in the dry season, consistent with a variety of tropical forest in the Amazon Basin (ROCHA et al., 2004) and Pantanal (BIUDES et al., 2014) .
Current study demonstrates that the annual diameter increment rate of V. divergens was higher than rates reported by Dong et al. (2012) , Vieira et al. (2004) and Clark and Clark (1995) , but lower than those reported by Arieita and Nunes da Cunha (2012) and Silva et al. (2002) (Table 1) . Arieita and Nunes da Cunha (2012) used dendrochronology techniques to provide a model relating age and diameter of V. divergens with mean growth rate estimated at 7.9 mm year -1
. Although there was a high growth rate in earlier lifetime of individuals of V. divergens, it decreased over the years until it becomes low at maturity (ARIEIRA; NUNES DA CUNHA, 2012). (2002) 1.64 Amazon forest (Manaus, Brazil) Vieira et al. (2004) 1.7-3.9 Amazon forest (Brazil) Clark and Clark (1995) 1.9-5.2 05 species from rainforests in Costa Rica Arieira et al. (2012) 7.9 Pantanal Mato-grossense (V. divergens) Silva et al. (2002) 5.28-11.41 Commercial tree species of Amazon forest
The annual increase rate of V. divergens showed consistent seasonal trends, with its highest rates between January and March; negative increase or no diameter increase between July and September; intermediate rates between April and June and between October and December. The trend from January to March is characterized by high relative air humidity, low vapor pressure deficit, high temperature and rainfall in which soil becomes saturated due to its clayey texture. While the seasonal trend between April and June is characterized by decreasing temperature, emergence of new leaves , decreasing solar radiation (BIUDES et al., , 2014 ) and low rainfall rates, the soil still remained saturated (MACHADO et al., 2015) .
The seasonal trend from July to September is characterized by increasing temperature, low or no rainfall rates, low soil water content and relative air humidity with increasing vapor pressure deficit, increasing leaf abscission of older leaves and the production of reproductive structures of V. divergens. Pott and Pott (1994) pointed out that the flower production of V. divergens occurs from July to September. Some tropical species produce flowers or leaves during the dry season after shedding their leaves. This apparent violation of physiological theories may be explained by rehydration caused by the osmotic adjustment of stem tissues and improved water availability due to roots extension into moist subsoil layers (BORCHERT, 1994b) . The water supply is significant for the turgor of differentiating xylem cells (LARSON, 1969; BAUCH, 1994) , the biosynthesis of carbohydrates (LANGENFELD-HEYSER, 1987) and the transport of mineral elements (KRAMER, 1985; KOZLOWSKI et al., 1991) .
The trend between October and December is characterized by increasing temperature, rainfall, relative air humidity and soil water content, and a decrease in vapor pressure deficit. Thus, the seasonal pattern of V. divergens´s diameter increase followed the patterns of regional climate and phonologic changes in the species. Callado et al. (2004) observed higher diameter increase in Handroanthus umbellatus (Sond.) Mattos during the flooding and rain periods, and no growth or negative growth in the dry season which coincided with leaf abscission of older leaves and production of reproductive structures in a flooded forest in the Atlantic Rainforest in Rio de Janeiro, Brazil. Handroanthus umbellata and V. divergens are flood-tolerant plants because they keep increasing diameter increase during flooding.
Moreover, Schöngart et al. (2002) pointed out that the growth of the tree´s diameter in the Amazon basin is higher in the dry season than in the flood period, since flooding causes the drop of leaves that leads to numbness exchange. Trees develop a variety of mechanisms to compensate for the limitation of stomata conductance in the flooding, such as reduction in the supply of adenosine triphosphate (EPSTEIN; BLOOM, 2005) , the accumulation of lactic acid and acidification of the cytoplasm (CRAWFORD, 1992; DREW, 1997;  OLIVEIRA; JOLY 2010), a decrease in permeability and hydraulic conductivity of the root, and an increase in the synthesis of abscisic acid (WILKINSON; DAVIES, 2002) . Schöngart et al. (2004) also highlighted that reduced water availability for vegetation due to low rainfall caused by El Niño makes growth rings of Piranhea trifoliata Baill. wider in the Venezuelan Amazon forest. Therefore, the interannual variation of diameter increment is higher in tropical forests than in temperate forests because of rainfall variations in the tropics which require long-term studies. Dalmolin et al. (2013) conducted an experiment with seedlings of V. divergens. Results indicated a decrease in the production rate of leaves, plant height and gas exchange. Since these seedlings showed positive growth and carbon gain, they indicated tolerance to flooding. Dalmagro et al. (2013) pointed out that V. divergens showed no significant differences in net photosynthetic rate, stomata conductance, maximum rate of carboxylation of Rubisco, electron transport at saturating light and compensation point of carbon dioxide between the dry season and the flood period. The authors explained that their result is due to the sufficiency of water coming from the access to deep water sources by V. divergens during the dry season, despite the low water content on the soil surface (HAASE, 1999; BIUDES et al., 2009 BIUDES et al., , 2014 VOURLITIS et al., 2011) . However, there was no special dry season during the period studied by Dalmagro et al. (2013) since it rained every month.
The diameter increase of V. divergens was more affected by the dry season than by flooding due to low soil water content, leaf abscission and flower production. The dry season caused decrease in the soil´s water contents which reduced photosynthesis, increased respiration rate and reduction of primary productivity (TIAN et al., 1998) . Growth rhythm is consequently related to climate seasonality. This is probably due to variations of the cambial activity and is connected with phenological periods. Long-term research should be developed to better understand the seasonal dynamics of diameter increase of V. divergens.
Conclusion
The seasonal variation of the diameter increase of V. divergens was evaluated in a seasonal floodable forest in the Northern Pantanal. The annual mean diameter increment of V. divergens was 4.0 mm for the study area. The highest increase occurred during the flooding period and lowest during the dry season and reproductive period. Thus, climate and phenology affected the growth rhythm of V. divergens in the study area.
